Pyrethroid insecticides bind to voltage-gated sodium channels (VGSCs) and modify their gating kinetics, thereby disrupting neuronal function. Pyrethroids have also been reported to alter the function of other channel types, including activation of voltage-gated calcium channels (VGCCs). Therefore, the present study compared the ability of eleven structurally diverse pyrethroids to evoke Ca 2+ influx in primary cultures of mouse neocortical neurons. Nine pyrethroids including tefluthrin, deltamethrin, λ-cyhalothrin, β- influx. These data demonstrate that pyrethroids stimulate Ca 2+ entry into neurons subsequent to their actions on VGSCs.
Introduction
Pyrethroids are synthetic insecticidal compounds that resemble pyrethrins, natural toxins present in the flowers of Chrysanthemum sp. Pyrethroids account for approximately onefourth of the worldwide insecticide market (Casida and Quistad, 1998) and evidence indicates that use of these compounds is increasing (Amweg et al., 2005; Spurlock and Lee, 2008) . This usage results in an increased potential for human exposure, including exposures to pregnant women, infants and children (Whyatt et al 2002; Morgan et al., 2007) . Based on both their chemical structures and biological effects of high-dose acute exposure, pyrethroids are classified into two major groups: Type I pyrethroids lack a cyano group at the α carbon of the 3-phenoxybenzyl alcohol moiety and produce a poisoning syndrome consisting of hyperexcitation, tremors and convulsions (T syndrome), whereas type II pyrethroids have a cyano group at the α carbon of the 3-phenoxybenzyl alcohol moiety and produce a syndrome consisting of hypersensitivity, choreoathetosis, salivation, and seizures (CS syndrome). There are a few pyrethroids that produce mixed signs including both tremors and salivation, and these are accordingly classified as Type I/II (Verschoyle and Barnes, 1972; Barnes and Verschoyle, 1974; Verschoyle and Aldridge, 1980) . Voltage-gated sodium channels (VGSCs) are responsible for the rapid influx of sodium that underlies the rising phase of the action potential in most electrically excitable cells, including neurons. VGSCs represent the molecular target for a broad range of potent neurotoxins that bind specifically to at least six distinct receptor sites (sites 1-6) on the sodium channel α-subunit and affect the permeability and gating of the channel (Catterall et al., 2007) . Pyrethroids bind to a site on the sodium channel α-subunit that is This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 29, 2010 as DOI: 10.1124 at ASPET Journals on April 14, 2017 jpet.aspetjournals.org Downloaded from distinct from sites 1-6 (Catterall et al., 2007) and affect nervous system function by altering their normal gating kinetics (Soluderlund et al., 2002; Narahashi, 1996) . As such, VGSCs are the primary molecular targets for pyrethroid's insecticidal activity as well as their acute neurotoxicity in vertebrates (Soderlund et al., 2002) .
In addition to their actions on VGSCs, pyrethroids have also been reported to interact with other ion channel types in a variety of in vitro systems, including altering the function of voltage-gated calcium channels (Soderlund et al., 2002; Clark and Symington, 2007; Neal et al., 2010) . However, the extent to which actions on voltagegated calcium channels contribute to pyrethroid neurotoxicity remains to be clarified (Shafer and Meyer, 2004) . For example, electrophysiological assessments have reported either inhibition (allethrin; Hildebrand et al., 2004) or facilitation (deltamethrin; Symington et al., 2008) of current through calcium channels expressed in HEK cells and oocytes, respectively. Further, deltamethrin-induced increases in [Ca 2+ ] i and glutamate release measured in synaptosomal preparations (Symington et al., 2005) were not replicated in intact neurons in vitro (Meyer and Shafer, 2006) , and may depend on phosphorylation status of the channel . These uncertainties regarding pyrethroid actions on VGCC function confound a better understanding of how effects on VGCCs may contribute to pyrethroid acute neurotoxicity (Shafer and Meyer, 2004) . It has been proposed that, in addition to actions on VGSC, pyrethroid effects on VGCC may constitute a separate key initiating event in pyrethroid neurotoxicity (Soderlund et al., 2002; Breckenridge et al., 2009) . Thus, the extent to which actions of pyrethroids on VGCC observed in non-neuronal/non-mammalian or subcellular fractions can be replicated in intact neurons will inform the robustness of proposed modes of 
Compound Preparation
Each pyrethroid was dissolved in DMSO at a stock concentration of 100 mM. ] i measurements.
Neocortical Neuron Culture
All animal use protocols were approved by the Creighton University Institutional Animal
Care and Use Committee (IACUC). Primary cultures of neocortical neurons were obtained from embryonic day 16 Swiss-Webster mice as described by Cao et al. (2007) .
Briefly, pregnant mice were euthanized by CO 2 asphyxiation, embryos were removed from the dam and their neocortices were collected. Isolated neocortices were then removed of their meninges, minced by trituration using a Pasteur pipette, and treated with trypsin for 25 minutes at 37ºC. The cells were then dissociated by two successive trituration and sedimentation steps in soybean trypsin inhibitor and DNase containing isolation buffer, centrifuged and resuspended in Eagle's minimal essential medium with Earle's salt (MEM) and supplemented with 2 mM L-glutamine, 10% fetal bovine serum, 10% horse serum, 100 I.U./ml penicillin and 0.10 mg/ml streptomycin, pH 7.4. Cells were plated onto poly-L-lysine-coated 96-well (9 mm) clear-bottomed black-well plates at a density of 1.5 x 10 5 cells/well (~500,000 cells/cm 2 ). Plates were incubated at 37ºC with 5% CO 2 and 95% humidity. Cytosine arabinoside (10 μM) was added to the culture This article has not been copyedited and formatted. The final version may differ from this version. emission in the 500-600 nm range was recorded. Fluorescence readings were taken once every 3 s for 2 min to establish the baseline and then 50 µL of test compound solution (4x) was added to each well from the compound plate, yielding a final volume of 200 μL/well.
The cells were exposed to test compounds for another 13 min. Background fluorescence was automatically subtracted from all fluo-3 fluorescence measurements.
Data Analysis
Time-response and concentration-response relationships were generated using GraphPad
Prism software (GraphPad Software, Inc., San Diego, CA). The potency and efficacy This article has not been copyedited and formatted. The final version may differ from this version. 
Results

Pyrethroids Produce Ca 2+ Influx in Neocortical Neurons
Type II pyrethroids have been reported to increase current through N-type calcium channels expressed in oocytes (Symington and Clark, 2005) and to stimulate TTXinsensitive Ca 2+ influx into synaptosomes (Symington et al., 2008) . By contrast, the neurotoxicity induced by brevetoxins, sodium channel neurotoxin site 5 agonists, is primarily through the indirect activation of NMDA receptors with attendant Ca 2+ influx in cerebellar granule cells (Berman and Murray, 2000) . Radioligand binding and electrophysiological experiments have revealed that the pyrethoid binding site is intrinsic to the sodium channel α subunit (Smith and Soderlund, 1998; Choi and Soderlund, 2006) .
Primary cultures of neocortical neurons at DIV 10-13 display synchronized spontaneous Ca 2+ oscillations that are associated with action potential generation ( Fig. 1 ). The ability of 11 pyrethroids to stimulate Ca 2+ influx was examined in these DIV 10-13 neocortical neurons. As a positive control for activation of Ca 2+ influx secondary to activation of VGSCs, neocortical neurons were treated with veratridine, a sodium channel activator.
As illustrated in Fig. 1 , deltamethrin produced a robust Ca 2+ influx in a concentrationdependent manner (Fig. 1 ). Similar to deltamethrin, five additional pyrethroids (tefluthrin, λ-cyhalothrin, β-cyfluthrin, esfenvalerate, fenpropathrin) also produced substantial elevations of neuronal [Ca 2+ ] i in neocortical neurons (Fig. 2) , as did the VGSC activator veratridine (Supplemental Figure 1) . Three pyrethroids (S-bioallethrin, cypermethrin and bifenthrin) produced very little in neuronal [Ca 2+ ] i in neocortical neurons (Fig. 3) Table 1 . All of the cyanocontaining compounds were slightly more potent than veratridine, although their efficacies were lower. The non-cyano pyrethroids were all less potent than veratridine.
The rank order of efficacy was veratridine
Pyrethroid-Induced Ca 2+ Influx in Neocortical Neurons Is TTX Sensitive.
To determine whether pyrethroid-induced Ca 2+ influx in neocortical neurons was secondary to activation of VGSC, or triggered by direct actions on voltage-gated calcium channels, we first performed a titration with TTX in the presence of a fixed concentration (30 μM) of the type I pyrethroid, tefluthrin, or a type II pyrethroid, deltamehtirn. As depicted in Fig. 5a , titration with TTX produced a concentration-dependent reduction in the deltamethrin-induced integrated fluo-3 response with an IC 50 value of 24.5 nM (15. (Berman and Murray, 2000) . It was therefore of interest to determine the Ca 2+ influx routes in neocortical neurons following pyrethroid exposure.
We used a both a type I pyrethroid, tefluthrin, and a type II compound, deltamethrin, as representative probes to explore the calcium influx pathways because of their high relative efficacies. As shown in Supplemental Figure 2 , the NMDA receptor antagonist, MK-801 and the L-type Ca 2+ channel antagonist, nifedipine, produced concentrationdependent partial inhibition of deltamethrin-induced Ca 2+ influx. A 1 μM cconcentration of MK-801 or nifedipine was sufficient to produce maximal response. KBR-7943 has been shown to selectively inhibit the reverse mode of operation of the plasma membrane Na + /Ca 2+ exchanger (Iwamoto et al., 1996) . A concentration of 3 μM of KBR-7943 has been demonstrated to attenuate brevetoxin-induced Ca 2+ influx in cerebellar granule cells (Berman and Murray, 2000) . We therefore use a single concentration of MK-801 (1 μM), ] i when combined with KBR-7943.
Pretreatment with MK-801, nifedipine and KBR-7943 together produced a nearly complete inhibition in deltamethrin-induced Ca 2+ influx (Fig. 7a ) . Similar results were observed for pharmacological antagonism of tefluthrin-induced Ca 2+ influx (Fig. 7b) .
Thus, the major routes of Ca 2+ entry after deltamethrin or tefluthrin exposure in neocortical neurons were similar and involve NMDA receptors, L-type Ca 2+ channels and reversed Na + /Ca 2+ exchange and therefore similar to that previously observed for brevetoxin-induced Ca 2+ influx in cerebellar granule cells (Berman and Murray, 2000) . (Fig. 8) . In contrast, depletion of intracellular Ca 2+ stores by preincubation with thapsigargin (1 μM) for 1 h was without effect on the response to deltamethrin (Fig. 9) . One of the main routes for the release of Ca 2+ from intracellular Ca 2+ store is the activation of inositol (1,4,5) triphosphate (IP 3 ) receptors located on the membrane of the endoplasmic reticulum. As depicted in Fig. 9 , 2-APB (10 μM), an IP 3 receptor antagonist, was without effect on the response to deltamethrin. 
Discussion
The present experiments demonstrate that in mouse neocortical neurons pyrethroid insecticides activate a TTX-sensitive Ca 2+ influx with differing potencies and efficacies.
These results indicate that the pyrethroid-induced activation of Ca 2+ channels in neocortical neurons is a secondary, not primary, event.
We found that 9 of 11 pyrethroids increased [Ca 2+ ] i in a concentration-dependent manner. These same pyrethroids also had distinct maximum efficacies to increase Ca workers (Neal et al., 2010) have recently demonstrated that allethrin has both stimulatory and inhibitor actions, depending on the VGCC type investigated.
The action of pyrethroids on sodium channels is temperature dependent and the sensitivity to pyrethroid exposure can be augmented by lowering temperature (Motomura and Narahashi, 2000) . We confirmed a modest temperature dependence for deltamethrininduced Ca 2+ influx in neocortical neurons. Lowering the temperature from 37 °C to 22
°C produced a 2.6-fold increase in the potency for deltamethrin-induced Ca 2+ influx (Supplemental Figure 3) .
The nine pyrethroids that stimulated Ca 2+ influx displayed distinct efficacies. The rank order of efficacy for Ca 2+ influx was similar to that for sodium influx (Cao et al., 2009 ) with the exception of S-bioallethrin, which is the least efficacious compound on Ca 2+ influx. In rat primary cortical cultures, pyrethroids including fenvalarate, cypermethrin, cyfluthrin and deltamethrin differentially increase BDNF mRNA expression levels by 15 to 150 fold over control (Imamura et al., 2006) . This effect was thought to be triggered primarily through Ca 2+ influx associated with the activation of TTX-sensitive VGSCs (Imamura et al., 2006) . The present results are consistent with this mode of action for activation of BDNF expression. In contrast, permethrin was reported to be inactive in its ability to stimulate BDNF mRNA expression in rat cortical neurons (Imamura et al., 2006) . Therefore, the distinct abilities of pyrethroids to elevate BDNF mRNA expression are consistent with the demonstration of a range of pyrethroid efficacies in the stimulation of Ca 2+ influx. In vivo, deltamethrin has been reported to increase BDNF in the cortex and hippocampus (Imamura et al., 2006) , and both deltamethrin and permethrin alter transcription profiles of activity-dependent genes in the This article has not been copyedited and formatted. The final version may differ from this version. (Cao et al., 2009) and Ca 2+ influx, with the exception of S-bioallethrin, indicates that these pyrethroids have no direct effect on VGCCs in neocortical neurons. These data in intact neurons are in contrast to previous reports of direct effects of pyrethroids on VGCCs. These include demonstrations that type I compounds inhibit VGCC function (Hagiwara et al., 1988; Someya and Yoshino 1990; Hildebrand et al., 2004) as well as reports that type II compounds increase Ca 2+ flux into synaptosomes in a TTX-insensitive manner (Symington et al., 1999) or increase currents through VGCCs (Duce et al., 1999; Symington et al., 2007) . Using rat brain synaptosomes, Symington and co-workers examined a group of 11 pyrethroids for their ability to stimulate high-potassium induced Ca 2+ influx and glutamate release (Symington et al., 2008) . For the ten compounds common to these studies, five were reported in both studies to increase Ca 2+ entry (esfenvalerate, cypermethrin, λ -cyhalothrin, β -cyfluthrin, deltamethrin). However, there were divergent responses for the remaining five compounds; permethrin was reported to stimulate Ca 2+ influx in synaptosomes, while bioallethrin, tefluthrin and fenpropathrin were without effect, and bifenthrin was only effective at high concentrations (Symington et al., 2008) . The TTX sensitivity of Ca influx induced by the compounds tested by Symington and co-workers (Symington et al., 2008) was not examined. A number of factors may contribute to these discordant results, including the use of neuronal subcompartments (synaptosomes) (Symington et al., 1999; Symington et al., 2008) , insect neurons (Duce et al., 1999) or the method of VGCC stimulation (KCl depolarization: Symington et al., 1999; depolarizing voltage steps: Duce et al., 1999; Hagiwara et al., 1988 , Someya and Yoshino 1990 , Symington et al., 2008 .
Recently, Neal and co-workers (Neal et al., 2010) demonstrated that allethrin increased the amplitude of ω -conotoxin GVIA-insensitive (predominantly L-type), but decreased the amplitude of nimodipine-insensitive (predominantly N-type) calcium currents in PC12 cells. These results suggest that the subunit composition and/or post-translational modifications that may take place in mammalian neurons, but not other expression systems, also influence the nature of interactions between pyrethroids and VGCCs.
The present study utilized mammalian neocortical neurons which display spontaneous activity with no "external" stimulus (such as high potassium or voltage steps) required to activate VGCCs. Further, the VGCC response was not isolated from the effects of pyrethroids on other channel types as is the case in patch-clamp recordings.
Therefore, the present results demonstrate that VGCC responses of a neuronal network to pyrethroids are secondary to activation of VGSCs. Numerous studies that have focused specifically on VGCC function have reported pyrethroid effects in synaptosomes, oocytes, HEK cells and other systems. However, a limited number of studies have attempted to examine potential roles of VGCC in pyrethroid effects using intact mammalian neuronal systems, and in all cases failed to demonstrate a significant primary role for VGCC in pyrethroid effects (Meyer and Shafer, 2006; Meyer et al., 2008) . Increased neurotransmitter release has been demonstrated following pyrethroid exposure in vivo (Hossain et al., 2004; 2006; . However, it is unclear whether this is due to direct effects of these compounds on presynaptic VGCCs, or if it is secondary to depolarization due to pyrethroid actions on VGSCs. Data from the current study are consistent with the latter possibility.
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